The cross-disciplinary nature of bioinformatics entails co-evolution with other biomedical disciplines, whereby some bioinformatics applications become popular in certain disciplines and, in turn, these disciplines influence the focus of future bioinformatics development efforts. We observe here that the growth of computational approaches within various biomedical disciplines is not merely a reflection of a general extended usage of computers and the Internet, but due to the production of useful bioinformatics databases and methods for the rest of the biomedical scientific community. We have used the abstracts stored both in the MEDLINE database of biomedical literature and in NIH-funded project grants, to quantify two effects. First, we examine the biomedical literature as a whole and find that the use of computational methods has become increasingly prevalent across biomedical disciplines over the past three decades, while use of databases and the Internet have been rapidly increasing over the past decade. Second, we study the recent trends in the use of bioinformatics topics. We observe that molecular sequence databases are a widely adopted contribution in biomedicine from the field of bioinformatics, and that microarray analysis is one of the major new topics engaged by the bioinformatics community. Via this analysis, we were able to identify areas of rapid growth in the use of informatics to aid in curriculum planning, development of computational infrastructure and strategies for workforce education and funding.
INTRODUCTION
As biomedical research becomes increasingly data-intensive [1] , the use of computational methods have become increasingly common [2] . As such, it is important that biomedical researchers and students are familiar with informatics methods in proportion to the influence these methods have in their fields [3, 4] . In particular, bioinformatics is a scientific discipline that deals with the use of informatics for the analysis and organization of biological data. Here, we estimate how the general community of biomedical researchers uses bioinformatics by analyzing databases that summarize this research.
It has been argued whether current curricula create bioinformatics scientists or just technicians educated in bioinformatics methods [5] , but either way we acknowledge that bioinformatics is important to varying degrees for progress in many fields. Most researchers, however, have only a rough feel for the influx of bioinformatics methods into their field, and often such impressions come well after the fact. This results in a slow approach to learning and/or adopting such technologies.
Bioinformatics originated as a cross-disciplinary field as the need for computational solutions to research problems raised in biomedicine [6] . The field evolved as computation became cheaper and widespread during the 80s, as the Internet grew during the 90s, and as high-throughput technologies become common in the 2000s. Ranganathan [7] noted that the boundaries between bioinformatics and biomedical disciplines have become blurred and indeed, recent years have seen the spawning of bioinformatics sub-disciplines such as cheminformatics [8] , neuroinformatics [9] and immunoinformatics [10] . Ostensibly, the only limit to the number of bioinformatics-related subdisciplines is the number of disciplines themselves. Because of the growing need for an integrative view of biological problems, cross-disciplinary efforts such as these are considered increasingly important to continued scientific progress [11] . Consequently, commercial, government and educational institutions need to make both long-term and short-term strategic decisions about bioinformatics-based resource allocation, training and workforce education based upon their disciplinary foci.
Bialek and Botstein wisely noted that 'Any attempt to create a multidisciplinary curriculum leads to difficult questions about what will be left out' [12] . These difficult questions can become simpler, however, if one has a better quantitative understanding for each discipline of both the growth and focus in their utilization of bioinformatics methods and their overall reliance upon them. We reasoned that the peer-reviewed scientific literature would be an excellent source of information to reveal this because it reflects worldwide research activities, encompasses all sectors of employment and provides the opportunity for historical analysis of trends. Similarly, successful (i.e. funded) extramural grants from the National Institutes of Health (NIH) offer insight into the growth of informatics methods in biomedical research, as they frequently define the present and future resources necessary to conduct research.
Even though every active area of bioinformatics research interest will likely have a 'half-life' of varying length, this analysis should benefit students by alerting them to the benefit of bioinformatics education and/or training, educators to become aware of the effects of bioinformatics in their fields, and for managers/administrators to better plan computational resource allocations.
RESULTS
We first quantified the expansion of the use of three major informatics topics (computation, the Internet and databases) in research over the past three decades (see Methods for details). According to the scientific bibliography deposited in the MEDLINE database, the use of computational methods in biomedical research has increased steadily and consistently since the 70s ( Figure 1A ). In 1975, computational terms were present in approximately 1.6% of MEDLINE publications, while in 2004 they were present in 10%. The use of online/internet resources or methods in publications has increased from approximately 0.05% in 1975 to 0.87% in 2004, but the most dramatic burst of growth occurred around 1994-about the time graphical navigation software (i.e. web browsers) for the Internet was developed and used on a widespread scale ( Figure 1B) . Similarly, an increasing number of publications refer to the use of databases in their abstracts ( Figure 1C ), which reflects not only the growth in the amount of data gathered to date, but also our increased technological capacity for gathering data. A similar trend is observed in the NIH funded research grants. Analysis reveals an even stronger growth trend in the use of computational keywords ( Figure 2A ) as well as use of the Internet ( Figure 2B ; see Methods for details). A similar trend towards the proposed use of the Internet in biomedical research can also be seen in Figure 1B , beginning approximately in 1994. In summary, we observe that the use of computation expanded first, then the Internet became more widely used in research, and then databases appeared when those previous developments made them possible. Our next question is how does the use of bioinformatics, and the development of genomics contrast with a more general growth in the use of computers? For this we need to focus on the latest 15 years, since the expansion of bioinformatics and genomics happened more recently.
We compared the growth of the number of references mentioning computational terms to the term 'bioinformatics' itself. Figure 3 indicates that the use of the term 'bioinformatics' increases steadily since the introduction of the term in 1993. Figure 3A indicates that the term 'comput*' does not increase as rapidly in relative terms, though the number of references mentioning the term is still much larger than the number of references mentioning bioinformatics. Something similar can be observed comparing the use of the term 'bioinformatics' with other computational related terms: 'http', 'internet', and 'database' ( Figure 3B ).
To complete a study of the context of emergence of bioinformatics, we compared the use of the term with terms related to the production of highthroughput biological data that have driven much bioinformatics research ( Figure 3C ). The terms 'genomics', 'microarrays' and 'proteomics' increase continually with a distinct acceleration at 1999, 2000 and 2001, respectively.
The establishment of bioinformatics occurs in a period of already stabilized and accepted use of computation, and is preceded first by the use of the Internet and more immediately by the use of the World Wide Web. A stronger connection seems to happen to the production of massive amounts of genomics data. In summary, we observe that during the last decade the use of genomics and bioinformatics is expanding more rapidly than the use of informatics. The timing of these phenomena suggests that bioinformatics appears as a response to the production of genomics data and not as a byproduct of the evolution of informatics, though it is apparent that the informatics revolution made it possible.
Bioinformatics deals with topics spanning a variety of biological problems and techniques. In the following we quantify those topics and the trends in their use by the research community. First, we identified the topics that characterize the field of bioinformatics by examination of the references in MEDLINE to the articles published in the journal Bioinformatics, the oldest in the field (Table 1 ; see Methods for details). Regarding National Library of Medicine (NLM) Medical Subject Headings (MeSH) annotations, three of the top four MeSH terms found in those references are biological databases. The only other high ranked MeSH term describing a particular bioinformatics topic was 'Sequence Analysis, Protein' with a 147-fold overrepresentation. All other topics, with the exception of 'NLM (U.S.)', were related to computation. There were no biomedical terms unrelated to computation, as might be expected from the methodological focus of the Bioinformatics journal. Regarding nouns in titles and abstracts of the references, the results are comparable with those obtained with MeSH. Two terms describing databases ('prodom', a database of protein domains; 'trembl', a database of nucleotide sequences) were at the top of the list. Again, all top terms were related to bioinformatics or computation, with almost all bioinformatics names being related to databases with the exception of two related to sequence formatting and sequence homology searches ('fasta', the popular file format for sequences; and 'waterman' from the Smith & Waterman algorithm).
To identify trends in the use of bioinformatics by the research community, we compared the use of bioinformatics topics (i.e. overrepresented in the Bioinformatics journal) in MEDLINE before and after the year 2000 (Table 2 ). MeSH terms indicate the recent prevalence of genomics and DNA microarray data, databases, and of the computational analysis of protein sequences. The analysis of nouns in titles and abstracts indicates similar trends. It also shows that recently the computational emphasis is more in the operating systems such as 'linux' and 'microsoft' and less in the computer itself such as 'ibm' and 'microcomputer'. This analysis indicates also the decline of some subjects such as 'globin', proteins that are not used as models for the study of protein structure and sequence as much as they used to be.
CONCLUSIONS
The use of informatics in biomedical research has been increasing during the last three decades. Computation first, and then the Internet, were accepted by researchers and allowed the generation and popularization of databases, before the genomics revolution. Bioinformatics flourished with the explosion in the production of biological data from genomes. Genomics allowed the emergence of other high-throughput techniques of biological analysis that are of recent research focus in bioinformatics.
In this study, we have generated a list of bioinformatics topics and analyzed the trends in their usage. All data are available as supplementary material (see supplementary tables S1-S4; also available at http://www.ogic.ca/projects/BioinfoGrowth06/). Here we summarize these results as a list of topics or aspects of bioinformatics tasks that could be divided into three categories: (1) basic biological knowledge, (2) computational and (3) particular methods and algorithms.
(i) The general thrust of bioinformatics research typically relates to cellular and molecular biology, more specifically, to the mechanisms of encoding and transmitting genomic information, transcriptional control and protein function and structure. Other higher-level concepts such as molecular dynamics, cellular ensembles or interaction between organisms (ecology), belong more to the field of Systems Biology. (ii) We identified three computational tasks that are part of bioinformatics by examination of the list of words as seen in Table 1 . The first is database implementation. The second is basic programming; though we cannot suggest a particular programming language, current trends suggest that a bioinformaticist should be able to use and install software on a computer running a Unix/ Linux operating system. The third is web server implementation, given the fact that bioinformatics tools and databases are increasingly being provided through web servers. (iii) The third emphasis of bioinformatics is in methods of data analysis. These deal with genomics data (gene expression, proteomics, gene prediction), sequence similarity searches (SmithWaterman, BLAST, Hidden Markov Models), protein evolution (multiple alignment, phylogenetics), protein structure (secondary and tertiary structure prediction, binding site analysis), and data and text mining (database parsing, natural language processing). We observed also mathematical/statistics-based simulations (protein folding, molecular kinetics, molecular interaction simulations), but it can be argued that this is 'computational biology' rather than bioinformatics (e.g. see http://www.bisti.nih. gov/CompuBioDef.pdf).
Regarding the analysis of funded grants, it is unfortunate that unfunded grant abstracts are not included in the CRISP database. So an analysis of whether or not the use of informatics components confers an advantage upon grant applications could be made directly. Rather, we just note that abstracts from NIH funded grants display a much larger use of computational or online terms than the references from published research in general during the same period. Notwithstanding many possible explanations for this (such as possible idiosyncrasies of researchers eligible to apply for NIH grants), we note that the Figures 1 and 2 ). One possible explanation for this is that the inclusion of such components in a research project confers an advantage regarding NIH funding, but other interpretations are possible as well. Our study shows that bioinformatics is making an impact in the community of biomedical researchers in general. This happens through a crosstalk of topics between communities, which evolves as new types of biological data are produced, and bioinformatics produces databases and tools for its analysis. We hope that this report may guide persons interested in bioinformatics-employers, students, researchers, funding policy makers-to a better understanding of this relation between bioinformatics and other fields of biology.
METHODS
The MEDLINE database was used for analysis, and contains references to biomedical literature, many of them including an abstract. It would have been optimal to include computer science abstracts in our analysis as well, such as those indexed in the CiteSeer database, but the abstracts are not freely available for downloading and analysis. References in MEDLINE are annotated by the NLM with keywords from a controlled vocabulary thesaurus describing the contents of the article (MeSH; http:// www.nlm.nih.gov/mesh/).
For the study of the evolution of the use of informatics in research, we scanned all electronically available MEDLINE abstracts and MeSH headings between 1966 and June 2005 for the presence of keywords suggesting computational methods: 'comput*', '*informatic*', 'algorithm*', 'software' or 'database' (where * represents a wildcard match). Separately, keywords indicating online components employed as part of the study were also flagged: 'internet', 'online', 'world wide web', 'web-based', 'http:*' and 'ftp:*'. These keyword sets were neither intended nor expected to encompass all possible words used to describe informatics methods, but rather were expected to be broadly reflective of their utilization and at the same time minimize false positives. For example, the word 'program' can refer to either computer programs or organizational programs, the word 'interface' could be computational or personal, etc. We performed a similar analysis on a total of 181 436 abstracts of newly funded NIH research grants (the largest category of NIH research funding) that we downloaded from the CRISP database (http://crisp.cit.nih.gov/), for the years 1975-2005.
In order to define an initial set of terms characteristic of bioinformatics as a field, we studied the set of abstracts from the journal Bioinformatics (together with its predecessor, Computer Applications in the Biological Sciences, which was started in 1985) in the MEDLINE version distributed by the NLM in November 2004. This set contains 2675 references.
Regarding the analysis of titles and abstracts in MEDLINE references, we focused only on nouns, because we have observed that they are the best discriminator for a general subject (such as 'stem cells') [13] . Here, we studied whether nouns from titles and abstracts suggested a similar trend to the MeSH analysis. Nouns were obtained by parsing the text of titles and abstracts using a part of speech tagger (TreeTagger; H. Schmidt, Institute for Computational Linguistics of the University of Stuttgart; http://www.ims.uni-stuttgart.de/ projekte/corplex/TreeTagger/). Then, for all the references in the version of MEDLINE used, we registered all nouns used in title and abstract.
We analyzed the trends in the use of bioinformatics terms in MEDLINE by comparing the frequency of references with those in a recent period, 2000-2003 (978 632 references), and before (4 891 837 references). We did not consider references after 2003 because they were not thoroughly annotated with MeSH terms yet.
Key Point
As the amount of available data grows in various biomedical fields, the need for computational approaches to manage, analyze, predict and model grows as well. Bioinformatics is a cross-disciplinary field that may have been greatly expanded with the genomics revolution, but is now entering other biomedical disciplines and, in turn, co-evolving with them. We use the biomedical literature to study the generation, growth and evolution of bioinformatics methods over time, and find that reliance upon computational methods has been growing steadily over the past three decades across all fields, but at various rates within almost every field. Furthermore, as technology advances, so does the focus of bioinformatics research expand to meet the new challenges.
